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Summary 
The objective of this work is to design UWB broadband antennas suitable for 
wireless indoor communications.  The antenna’s bandwidth has to cover the range of 
3.1 GHz to 10.6 GHz.   
The planar volcano-smoke slot antenna (PVSA), which is suitable for UWB 
systems, is presented.  The design and optimization of the PVSA involved tedious 
full-wave simulations which are very arbitrary and time consuming.  In this thesis, a 
novel and systematic method for the synthesis of the PVSA is derived.  This method 
utilised the simple transmission line theory.  The method is able to design the antenna 
profile very quickly given the centre frequency of the antenna with minimal 
requirements on computation time and storage memory.  Subsequently, more accurate 
full-wave simulations can be used to fine-tune the antenna.   
Novel modifications to the slot of the PVSA are made to improve its impedance 
bandwidth.  The first of which is the addition of T-protrusions along the edges of the 
slot.  An improvement of 40% of the bandwidth compared to the conventional PVSA 
is obtained.  The smooth edges of the slot of the PVSA are also subsequently 
modified into serpentine edges.  It can achieve up to 60% improvement in the 
impedance bandwidth over the conventional PVSA.  In an attempt to make the design 
of PVSAs much faster, a novel diamond-shaped PVSA is proposed.  The slot has 
straight-lined edges, thus less parameters are required to perform the antenna synthesis.  
In addition, simulation of such regular straight-lined edges is much faster through 
 xi
IE3D due to the less stringent requirement on the mesh size required to represent the 
straight edges.   
An alternate, novel P-shaped antenna is next introduced.  It is found that it has an 
impedance bandwidth of 40% from 8 GHz to 12 GHz.  It also has excellent radiation 
properties over the frequency band of interest.   
A novel mixed dielectric P-shaped slot antenna is also investigated.  It is based 
on the compact P-shaped slot antenna, except that the slot is filled with high-K 
dielectric material.  The mixed dielectric P-shaped slot antenna with high-K dielectric 
loading in the slot achieved the same bandwidth, but with the lower and upper cutoff 
frequencies lowered by 10%.  The radiation patterns are also similar to the P-shaped 
slot antenna without high-K dielectric loading.  Therefore, it is observed that by the 
use of high-K dielectric loading in the slot of the P-shaped slot antenna, the antenna 
dimensions can be reduced by 10%. 
Finally, a conclusion is made on the research.  Several areas of future works to 
improve the current P-shaped slot antenna are suggested.  A new direction for the 
design of UWB antennas based on the classical frequency independent antenna is 
proposed.  Further hardware implementation on this proposed antenna has been 





Broadband antennas have been the subject of investigations for many years.  It 
stems from the fact that more and more of the electromagnetic spectrum is being used 
for wireless communications.  As such, many antennas operating at different 
frequencies are required to be mounted onto aircrafts, ships and vehicles.  The 
numerous wireless communications requirements include radar, satellite navigation, 
broadcasting, mobile phones, just to name a few.  The increasing number of antennas 
imposes increasing constraints on costs, weight, and electromagnetic compatibility 
(EMC) problems.  These constraints are especially severe in military usage where 
there are even more antennas and stricter requirements on weight.  In order to satisfy 
these demands, the ideal antenna has to be a single antenna which is small, conformal, 
and must cover the necessary frequency ranges of operation.  Therefore, much 
research has been carried out on both designing broadband antennas and 
miniaturization of antennas.  As opposed to resonant structures used by narrowband 
antennas, one of the approaches in designing broadband antennas is to make use of 
frequency independent structures.  The theoretical framework of this will be 
discussed later. 
More recently, there is a growing interest in using ultra wideband (UWB) 
technology to realize broadband characteristics in communication systems, as reflected 
in the numerous publications on the topic.  UWB communication is based on impulse 
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signals.  (The conventional wireless communication today is based on sinusoidal 
waves.)  However, this is not a new technology in terms of physical properties or 
phenomena [1].  In fact, the first communication systems were pulse-based.  The 
first electromagnetic waves were produced by Heinrich Hertz (1893) using a spark 
discharge.  Spark gaps and arc discharges between carbon electrodes were the 
dominant wave generators for about 20 years thereafter.  Subsequent developments 
were in military uses due to UWB signal’s low probability of interference and accurate 
reception.  Today, the paradigm shift from sinusoids to pulses occurred because UWB 
technology provided a means to satisfy the ever increasing demands in wireless 
communications.  UWB technology is intrinsically broadband in nature with high 
data rates, multipath immunity and potentially less complex systems and hence lower 
equipment costs.  These key benefits of UWB technology has resulted in many 
exciting applications with high commercial value.  These include automobile 
collision avoidance systems, gaming, wireless communications between personal 
electronic devices, just to mention a few. 
Although UWB antennas are a class of broadband antennas, there are subtle 
differences in the design of UWB antennas and frequency-independent antennas.  
This is due to the fundamental difference in the communicated signals, pulses for 
UWB antennas and sinusoids for conventional antennas.  Despite the differences, one 
thing is certain: the demand for bandwidth and data rate is ever increasing, and the 
need for smaller and more efficient broadband antennas has never been so great.  
Both UWB and frequency independent antennas will be highly sought after. 
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A lot of research has been done to make the antennas better, as well as cheaper.  
This will greatly increase the commercial value of broadband and UWB antennas 
instead of them being used just within the laboratory or in government funded 
applications like the military.  One approach is by integrating the antenna with the 
entire communication system including the mixer and amplifier on a single chip.  
There is ongoing research to integrate antennas on semi-conductor or silicon substrate.  
In recent years, much research on components [2, 3] has also been done on multi-layer 
substrates, especially with the advent of the high permittivity and low loss Low 
Temperature Co-fired Ceramic (LTCC) material.  The multi-layer capability of LTCC 
has opened a whole realm of possibilities [4, 5] in antenna designs which are planar 
and low profile, and yet 3-dimensional. 
 
1.1 Objectives 
 The purpose of this research is to investigate and design novel broadband antennas 
targeted at both commercial and military applications.  They should be small in size, 
easy and cheap to fabricate, and cover an impedance bandwidth of at least 25% or in 
the range of UWB bandwidth (3.1GHz – 10.6GHz).  The potential of antennas 
designed on the new multi-layer Low Temperature Co-fired Ceramic (LTCC) material 
will be explored.  Analysis methods for the antenna designs will be derived.  Finally, 




1.2 Organisation of Thesis 
This chapter gives an introduction to the main areas which the research is based on, 
namely frequency independent antennas, UWB antennas, and novel materials. 
Chapter 2 presents a literature review in which the theoretical framework of 
broadband antennas is presented.  In particular, the frequency independent antenna 
and the UWB system are discussed qualitatively.  The basic properties of UWB 
signals and systems are presented.  The difference between UWB antennas and 
conventional antennas is compared and discussed.  Finally, the challenges of 
designing UWB antennas are presented. 
Chapter 3 presents the planar volcano-smoke antenna and its novel variants.  The 
measured results of the different variations of the volcano-smoke slot antennas are 
compared with one another.  A simple and quick synthesis method for the 
volcano-smoke slot antenna is presented.  This method is based on the transmission 
line theory. 
Chapter 4 presents a novel P-shaped antenna.  A parametric study was done and a 
design procedure for the antenna is developed.  A protoype is fabricated on the LTCC 
substrate.  In addition, a novel use of the high-K dielectric material on the LTCC 
substrate is presented.  The measured results are compared.  A transmission line 
model is used to model the antenna. 
Chapter 5 presents a conclusion to the thesis.  The planar volcano-smoke antenna 
and the P-shaped slot antenna are compared.  Suggestions on ways to improve the 
bandwidth of the P-shaped slot antenna are presented.  The limitations of the 
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transmission line modelling for the PVSA and the P-shaped slot antennas are discussed.  
Suggestions on improvements to the transmission line analysis model of the P-shaped 
slot antenna are also proposed.  As an alternative design for broadband UWB antenna, 
this thesis also discusses a novel design of a 3-dimensional log-periodic antenna which 
is a class of the frequency independent antenna (classical broadband antenna).  It 
makes use of the multi-layer property of the LTCC substrate.  Its theory and 
simulation results are presented. 
The full derivation of the reflection coefficient as a function of distance of the 
coplanar waveguide is given in Appendix A. 
The implementation of the synthesis model for the volcano-smoke slot antenna on 
Matlab is given in Appendix B. 
 
1.3 Original Contributions 
As a result of my in-depth research, the following list of contributions has been 
made.   
Novel changes to the slot of the planar volcano-smoke antenna (PVSA) enabled a 
much better bandwidth performance compared to the conventional PVSA [6].   
A straightforward and fast synthesis method was also derived for the planar 
volcano-smoke antenna [7].  It is able to give an optimum profile of the PVSA slot 
given the centre frequency for which the antenna is designed.  The method has 
minimum computation time and storage requirements because it is based on 
transmission line theory and does not need to compute large complex matrices.  
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The diamond-shaped broadband slot antenna has been designed to make the 
design of PVSAs much faster [8].  The slot has straight-lined edges, thus less 
parameters are required to perform the antenna synthesis.  In addition, simulation of 
such regular straight-lined edges is much faster through IE3D due to the less stringent 
requirement on the mesh size required to represent the straight edges. 
A novel P-shaped slot antenna is designed [9].  It is fabricated on LTCC substrate 
and has a wide bandwidth and excellent radiation properties.  It is very simple and 
quick to design as its geometry consists of only basic shapes. 
The transmission line model is derived to analyse the P-shaped slot antenna.  The 
antenna is partitioned into different regions according to its geometry and each 
individual region is represented by different waveguide and circuit elements.  This 
method is able to accurately predict the centre frequency of the P-shaped slot antenna.  
A novel idea of filling the slot of the P-shaped slot antenna with high-K dielectric 
material to reduce the size of the P-shaped slot antenna is implemented.  It also gives 
better matching compared to the original P-shaped slot antenna.  The high-K 
dielectric material was able to lower the frequency band of interest by about 10%, or 
shorten the guided wavelength by 10%.  This corresponds to a possible reduction of 




 Broadband antennas refer to antennas with wide bandwidth [10, 11].  The 
bandwidth of an antenna is defined as “the range of frequencies within which the 
performance of the antenna, with respect to some characteristics, conforms to a 
specified standard.”  The characteristics of the antenna are input impedance, pattern, 
beamwidth, polarization, and others.  Associated with pattern bandwidth are gain, 
side lobe level, beamwidth, polarization, and beam direction while input impedance 
and radiation efficiency are related to impedance bandwidth.  For narrowband 
antennas, the impedance bandwidth is expressed as a percentage of the frequency 





−=  .        (2.1) 
In the case of broadband antennas, bandwidth is usually quoted as a ratio of upper 





=  .         (2.2) 
If the impedance and the radiation pattern of an antenna do not change significantly 
over about an octave or more, we will classify it as a broadband antenna. 
 In contrast to the narrowband antennas, which are resonant structures that support 
a standing-wave-type current distribution, broadband antennas usually require 
structures that do not emphasize abrupt changes in the physical dimensions, but utilize 
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shapes with smooth boundaries to eliminate reflection. 
 The classical broadband antennas are the traveling-wave-type antennas (V-antenna 
and the rhombic antenna), helical antennas, frequency independent antennas (spiral, 
log-periodic, sinuous).  More recently, UWB antennas as a class of broadband 
antennas emerged.  This chapter tracks the development of broadband antennas.  It 
first presents the theory behind the classical frequency independent antennas, then 
proceeds to explain the newer UWB antennas.  Lastly, the suitability of the classical 
frequency independent antennas as UWB antennas is discussed. 
 
2.1 Frequency Independent Antennas 
The development of antennas whose performance is independent of frequency was 
carried out mainly to relieve the problems associated with the increasing numbers of 
different electromagnetic systems and equipment being carried on high-speed military 
air-craft [12].  Finding space to accommodate so many different antennas was a 
serious difficulty.  It was recognized that the problem would be solved if a given 
antenna could serve several systems and frequencies. 
In designing broadband antennas, the natural question to ask is: “What is it that 
makes an antenna sensitive to frequency?”  There are two main concepts behind 
broadband or frequency-independent antennas.  They are namely, (a) characteristic 
lengths and (b) self-complementary characteristic. 
First, it was noticed that the features, which introduce frequency dependence, are 
the characteristic lengths of the structure [13, 14].  On the other hand, to ensure that a 
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given type of structure has the same performance at different frequencies, by the 
principle of scaling, it is only necessary to scale the size of the structure in terms of the 
wavelength.  Thus, it was concluded that the feature required for 
frequency-independent operation is the absence of characteristic lengths.  It was 
discovered that if a rotation of the structure about the vertex transforms the structure 
into one which is identical to the original structure, its properties will be independent 
of frequency.  Therefore, if the antenna satisfies the angle condition, its form is 
specified entirely by angles only and not by any particular dimension.  Some 
examples are the conical antenna and the equiangular spiral antenna [15], shown in Fig. 
2.1.  The curve of the equiangular spiral in a plane is given by 
0
ae ϕρ ρ= .        (2.3) 
Except for a rotation in space about the axis of the spiral, this structure, if infinite, 
should look the same at any frequency.  Although an infinite structure cannot be built, 
if the spiral were excited at the origin, the currents on the arms might fall off rapidly 
enough that, at least through a wide band of frequencies, the fact that the structure 
must be finite in size would not matter. 
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Fig. 2.1 Equiangular spiral antenna 
Second, self-complementary structure leads to frequency-independent behaviour.  
Consider a metal antenna with input impedance Zmetal.  Its complementary structure 
can be obtained by interchanging the conducting and non-conducting planar surfaces 
of the specified antenna.  The resulting complementary antenna has input impedance 
Zair.  The impedance of complementary antennas can be found by extending Babinet’s 
principle [11, 16] for optics to electromagnetics: 
2
4metal air
Z Z η=         (2.4) 
The product of the impedances of two complementary antennas is a constant.  If 
the antenna is its own complement, it is self-complementary.  This property achieves 
frequency independent impedance behaviour.  A self-complementary structure can be 
made to exactly overlay its complement through translation and/or rotation.  
Examples of self-complementary structures are shown in Fig. 2.2. 
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Fig. 2.2 Complementary structures 
The value of impedance [16] follows directly from equation (2.4): 
188.5
2metal air
Z Z η= = = Ω        (2.5) 
The equiangular spiral antenna in Fig. 2.1 is an example of a self-complementary 
antenna as well, besides being self-scaling (angle condition).  It had circular 
polarization and achieved a bandwidth of several octaves.  It had almost constant 
input impedance and a nearly constant radiation pattern.  At frequencies such that the 
diameter of the truncated spiral is approximately equal to a wavelength, the currents at 
the point of truncation begin to be significant and the performance begins to 
deteriorate.  On the other hand, the upper limit on the frequency-independent 
operation is determined by the accuracy with which the feed region is (or can be) 
constructed. 
 
2.2 Ultra Wideband Antennas 
The fundamental difference between UWB systems and conventional wireless 
communication systems lies in the signals transmitted.  Instead of broadcasting on 
separate frequencies, UWB spreads signals across a very wide range of frequencies.  
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The typical sinusoidal radio wave is replaced by trains of pulses at hundreds of 
millions of pulses per second [1]. 
The extremely short pulses with fast rise and fall times have a very broad 
spectrum and very small energy content.  The power spectral density is defined as 
PPSD
B
=          (2.6) 
where P is the power transmitted in watts and B is the bandwidth of the signal in hertz.  
Since the energy used to transmit a wireless signal is finite, the energy is spread out 
over a very large bandwidth for UWB systems.  Hence, UWB systems generally have 
a very low power spectral density.  The advantage of this is a low probability of 
detection.  Besides having applications in the military, it is also of particular interest 
to consumers who require high security wireless data transfer, especially in recent 
times of rising popularity of electronic fraud. 
Due to the extremely short pulse widths of UWB signals, UWB systems are 
characterized as multi-path immune.  The multi-path effect is caused by reflection, 
absorption, diffraction and scattering of the electromagnetic energy by objects between 
the transmitter and receiver.  Hence, the pulses will arrive at the receiver at different 
times, with the delay proportional to the path length.  If the pulses arrive within one 
pulse width they will interfere, while if they are separated by at least one pulse width 
they will not interfere.  If pulses do not overlap, they can be resolved in the time 
domain.  Since UWB pulse widths are small, particular in indoor environments, 
inter-symbol interference can be mitigated. 
Another advantage of UWB transmission for communications is its potential for 
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high data rate due to its wide spectrum.  The current target data rate for indoor 
wireless UWB transmission is between 110 Mbps to 480 Mbps, depending on distance 
(up to 10m).  As a comparison, this is ten times the 802.11a wireless LAN (local area 
network) standards, and roughly the equivalent of wired Ethernet and USB 2.0. 
UWB technology is also low in complexity and hence potentially low in cost.  
The ability to directly modulate a pulse onto an antenna results in minimal microwave 
electronics such as modulators, demodulators, and IF stages in the transceivers. 
However, there remain some challenges for UWB technology before it can 
become popular and ubiquitous.  Due to the broad spectrum of UWB, it overlaps with 
certain frequency bands for other specific uses and causes interference.  Hence, 
regulations are in place to limit power output in certain frequency bands for all radio 
communications to prevent interference to other users in nearby or the same frequency 
bands.  The FCC spectral mask for indoor UWB systems has a large contiguous 
bandwidth of 7.5 GHz between 3.1 GHz to 10.6 GHz at a maximum power density of 
-41.3 dBm/MHz. 
Another major challenge for UWB communication systems is the antenna design.  
The antenna must have a constant group delay and a small size, so that the high and the 
low frequency components arrive at the receiver simultaneously and the antenna can fit 
into consumer electronics products like digital cameras and camcorders. 
The radiation of short duration UWB signals from an antenna is significantly 
different compared with the radiation produced by long duration narrowband signals 
[17].  The amplitude of a radiation field for conventional antennas depends only on 
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angular coordinates from the antenna.  However, in UWB antennas, the radiation 
field not only depends on angular coordinates from the antenna, but also on the time 
taken by the pulse to travel from the excitation point to the rest of the antenna, and the 
time taken for the pulse to travel from the antenna to the observation point.  Classical 
frequency domain estimation models fail because the dimensions of antenna systems 
and wave propagation lead to a special kind of dispersion.  The importance of this 
near-field dispersion for practical applications has been demonstrated by both 
theoretical considerations and measurements with a half-impulse radiation antenna and 
an 8 × 8 antenna array [18].  This near-field dispersion can be ignored if the delay 
between the shortest path and the length of a path from an arbitrary point on the 
aperture is short compared with the rise time of the radiated signal.  For practical 
applications, the rise time should be six times larger than the longest time delay. 
Resonant antennas are not suitable for UWB signals.  The principle of resonance 
in a resonant antenna has been used to increase the current.  If an ultra wideband 
impulse is fed to this kind of antenna, a “ringing effect” will occur.  This severely 
distorts the pulse, spreading it out in time.  Another reason is due to the standing 
wave produced by the reflection from the end points of the antenna. 
Frequency independent antennas with large radiation areas like the equiangular 
spiral are also not suitable for UWB signals.  This is because they are likely to be 
dispersive and inappropriate for very short pulses such as UWB signals.  They radiate 
different frequency components from different parts of the antenna.  Therefore, the 
radiated waveform will be both extended and distorted.  To understand why, Fig. 2.3a 
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compares the time-domain S21 response for a Gaussian monocycle input when fed to a 
log-periodic dipole antenna (a classical broadband antenna structure) and a Vivaldi 
antenna (a UWB antenna).  In the log-periodic antenna, the smallest antenna element 
radiates the highest-frequency component while the largest antenna element radiates 
the lowest-frequency component after the pulse has had time to propagate to the far 
end of the antenna. The use of these resonant elements, however, results in an antenna, 
which is dispersive in the time domain. The dispersion results in difficulties 
distinguishing individual multi-path signals—a well-known advantage of UWB—at 
the receiver, due to broadening of the pulses resulting in significant overlap.   
Fig. 2.3b shows the time-domain S21 response of a Vivaldi antenna, which is a 
UWB antenna.  This antenna produces a near-perfect Gaussian doublet in response to 
the Gaussian monocycle input, (i.e., the first-order derivative), and has a greater 
efficiency than the log-periodic dipole antenna. 
  
Fig. 2.3 The S21 time-domain response to a Gaussian monocycle input signal on the 
left (a) is for a log-periodic antenna while the S21 time domain response on the right (b) 
is for a Vivaldi antenna [19] 
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Evidently, designing a UWB antenna is a challenge.  Antennas act as 
pulse-shaping filters in UWB systems.  Any distortion of the signal in the frequency 
domain causes distortion of the transmitted pulse shape, therefore increases the 
complexity of the detection mechanism at the receiver. 
As a general rule, UWB antennas must be small so that the entire antenna radiate 
almost at the same time at all frequencies.  The antenna must be able to transmit the 
pulses without distortion and dispersion.  The antennas must also be cheap to produce 
for widespread consumer usage.  An illustrative account of UWB wireless systems is 
given in [20]. 
In this research, the existing volcano-smoke slot antenna for UWB systems is 
investigated.  Other novel antennas for UWB systems are also designed. 
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Chapter 3 
Novel Planar Volcano-Smoke Antennas 
In this modern age of wireless communications, there is a great demand to 
exchange ever increasing amount of information in the shortest possible timeframe, 
both for military as well as civilian applications.  Hence, the advent of information 
exchange using impulse signals or UWB technology has taken the research community 
by storm.  In the fast-paced development of UWB technology, it has been viewed that 
the development of UWB antennas was the bottleneck to widespread implementation 
of the technology.  The previous chapters have already shown that although frequency 
independent antennas have very broadband characteristics, they are not suitable 
candidates as UWB antennas.   
The preferred UWB antenna for transmitting known transient electromagnetic 
waves is the conical antenna suspended over a large metal ground plane.  This type of 
antenna is used as a reference transient transmitting antenna.  There are a few other 
high-quality, lab-grade, non-dispersive UWB antennas commercially available.  
However, these are mostly targeted at laboratory usage.  The high price range of these 
antennas makes them less suitable for most commercial applications and not feasible 
for portable or handheld applications.  There is a great need for a low-cost, 
easy-to-manufacture antenna that is omni-directional, radiation-efficient and has a 
stable UWB response. 
Therefore, the race to come out with small, low profile and commercially viable 
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UWB antennas is ongoing.  Many new UWB antenna designs have emerged.  There 
are two broad classes of such antennas: patch radiators and slot radiators.  Within the 
class of patch radiators, there are the monopoles such as the more recent ones given in 
[21], [22] and [23]; there are also the dipoles such as [24] and [25].  The other class 
of antennas can be classified as magnetic slot antennas such as the one given in [26]. 
In this chapter, a novel synthesis method for the planar volcano-smoke slot 
antenna (PVSA) [27], [28] is presented.  It is a planar realization of the original 
three-dimensional volcano-smoke antenna proposed by Kraus [29].   
Subsequently, variations to the PVSA to enhance its performance are presented in 
this chapter.  The variations are namely the addition of T-shaped protrusions to the 
slot of the PVSA [6], the wavy-slot PVSA, and the diamond-shaped PVSA [8]. 
 
3.1 A simple and quick synthesis method for the 
Volcano-Smoke Slot Antenna 
The design of irregular profile antenna such as the planar volcano-smoke slot 
antenna (PVSA) has always been a trial-by-error electromagnetic simulation whereby 
the designer often has to spend a large amount of time running computational intensive 
electromagnetic software to tune the assumed irregular profile of the antenna.  To 
date, there is a lack of a simple and direct technique to design this wideband antenna.   
The volcano-smoke slot antenna and its variations have received a great deal of 
attention due to its small foot-print, conformal nature and very broadband 
characteristics.  Currently, the only tool available to design such antennas is through 
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the memory intensive and time consuming numerical methods such as FDTD, FEM, 
MOM and others.  Generally, optimization of the profile is difficult to achieve using 
these numerical methods in reasonable time and memory. 
In this section, a synthesis method for estimating the resonant frequency and 
bandwidth of the volcano-smoke antenna is presented [7].  This method can be used 
to quickly obtain an initial design of the volcano-smoke antenna with the required 
bandwidth.  Further fine-tuning of the profile can thus be achieved using any 
available EM software.  The proposed procedure shortens the time required for the 
design of the volcano-smoke antenna. 
 
3.1.1  Formulation 
Fig. 3.1 shows the 3D view of a volcano-smoke slot antenna.  The proposed 
method is to solve for the input impedance of the antenna looking into the CPW feed.  
The volcano-smoke slot antenna is viewed as a cascade of equal length CPW line 
segments with widths of the centre conductor and slot adjusted to the profile of the slot 
of the volcano-smoke antenna.  Each segment of the antenna is a section of a coplanar 
transmission line.  As the length of each segment approaches zero, the profile of the 
antenna becomes a smooth function.  The characteristic impedance varies 
continuously as a function of position along the profile of the antenna.  The end 




Fig. 3.1 Volcano-smoke slot antenna 
 
A. Derivation of reflection coefficient as a function of distance 
The reflection coefficient at a distance x from the termination point is given by 
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From the coupled transmission line equations, namely, 
( ) ( ) ( ) ( ) ( )dV x j L x I x Z x I x
dx
ω= − = − ,      (3.5a)  
( ) ( ) ( ) ( ) ( )dI x j C x V x Y x V x
dx
ω= − = − ,      (3.5b) 
we substitute equations (3.5a) and (3.5b) into equation (3.3), resulting in 
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Substituting equations (3.6) and (3.8) into equation (3.2),  
( )2 0
0
( )( ) 1 12 ( ) 1 ( )
2 ( )
dZ xd x x x
dx Z x dx
γΓ = Γ − −Γ .    (3.9) 
Under the lossless assumption, the propagation constant becomes jγ β= .  Hence, we 
have 
( ) ( ) ( )02 20
0
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d Z xdZ xd x j x x j x x
dx Z x dx dx
β βΓ = Γ − −Γ = Γ − −Γ .     
(3.10) 
This is a Riccatti Equation [30, 31], which is a first order nonlinear differential 
equation.  It does not have a known general solution.  To simplify, let ( )( ) j xx e θΓ =  
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in equation (3.10).  As such, we have 
( )0ln ( )'( ) 2 sin ( ) 0d Z xx x
dx
θ β θ− − = .      (3.11) 
 
B. Characteristic Impedance of CPW 
The characteristic impedance for CPW with finite ground plane can be derived by 
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and its complementary,  
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where A(x) and B(x) represent respectively the profiles of the centre conductor and the 
inner boundary of the ground plane, in the volcano-smoke slot antenna.   
The characteristic impedance was then substituted into equation (3.11).  The last 
term of equation (3.11) required the derivative of the characteristic impedance to be 
found with respect to the position along the antenna.  This term can be calculated 
directly or numerically.  A direct differentiation is adopted and is given below.  Let 
the characteristic impedance be 
0 3
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and 23 3( ) ( )m x k x= .         (3.22) 
The differentiation can then be efficiently implemented by making use of the product 
chain rule and are given as 
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and its complement defined as 
E’(m) = E(1-m).         (3.32) 
The profile of the antenna has to be known in order to find the functions of A(x) and 
B(x).  The derivative of the characteristic impedance is then substituted into the 
differential equation (3.11).   
 
3.1.2  Numerical Solution 
There are many different numerical methods available to solve the differential 
equation (3.11).  The more common ones are Forward Euler, Backward Euler and 
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Central Difference.  However, since the differential equation is a nonlinear one, an 
explicit method such as the Forward Euler method would be more straightforward, 
without the need to use Newton methods and matrices to solve for the unknowns.  
The Forward Euler method, which has a second order accuracy, was used in this case. 
The Forward Euler method is as follows: 
( )1 ( , )n n n nx f xθ θ θ+ = ∆ + ,       (3.33) 
where 
( )0ln ( )( ) 2 sin ( ) nn n d Z xf x x dxβ θ= + .     (3.34) 
The actual solution of interest is: 
0 0
1 ( ) ( )( ) ( ) ( ) cot
1 ( ) 2in
x xZ x Z x jZ x
x
θ⎧ ⎫+ Γ ⎛ ⎞= =⎨ ⎬ ⎜ ⎟−Γ ⎝ ⎠⎩ ⎭ .    (3.35) 
The above method was used to synthesize the volcano-smoke antenna with the centre 
frequency at 7.3 GHz.  An initial profile of the antenna is first assumed and is given 
in Fig. 3.2. 
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Fig. 3.2 Initial profile of the volcano-smoke slot antenna 
 
The functions, A(x) and B(x), describing the antenna profile, are estimated by 
fourth order polynomials, and are given in Fig. 3.3.  This is done by taking five 
sample points as shown in Fig. 3.2, and using the polyfit function.  The corresponding 
characteristic impedance which is shown in Fig. 3.4, is computed from equation (3.17) 




Fig. 3.3 A(x) and B(x) profile 
 
 
Fig. 3.4 Variation of Characteristic Impedance with position 
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Subsequently, the variation of the characteristic impedance was used to solve the 
differential equation (3.11).  Equation (3.11) was solved numerically using the 
Forward Euler method.  The boundary condition is taken at the open-circuit point 
where θ(x=15mm) = 0°.  The discretisation used is ∆x=0.1mm. 
The graph of the input impedance with respect to position was then calculated 
using equation (3.35) and plotted for the centre frequency over the frequency band of 
interest and is given in Fig. 3.5.  The variation of the input impedance is observed 
from x=15mm to the input at x=0mm at the centre frequency.  The input impedance 
looking towards the open-circuit load alternates between open- and short-circuit as the 
observation point moves towards the input.  Since a lossless case was assumed, the 
calculated input impedance is purely imaginary.  Therefore, at the input, if the 




Fig. 3.5 Graph of Input impedance against position   
If the input impedance is a value other than zero, the profile of the antenna will be 
further fine-tuned.  The A(x) and B(x) profiles are then found, and subsequently used 
in equations (3.17) to (3.30) to obtain a match at the input.  The design procedure is 
shown in the flowchart in Fig. 3.6. 
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Fig. 3.6 Design Flowchart 
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The tuning procedure is done by randomly changing the values of y at the selected 
sample points as shown in Fig. 3.2.  The sample points are shown in Table 3.1.  The 
range of admissible values for y in the tuning process is illustrated in the flowchart in 
Fig. 3.7.  The choice of sample points is arbitrary.  In general, sample points are 
selected closer together in the region where the profile varies more, based on the initial 
profile.  It is found that a fourth order polynomial is able to represent the profile of 
the antenna relatively accurately.  However, a more accurate representation of the 
antenna profile in the form of a higher order polynomial may also be used.  In this 
case, more sample points are taken for the estimation of the polynomial.   
 
No. x (mm) A(x) (mm) B(x) (mm)
1 0 2.5 3 
2 5 6.13 7.88 
3 8 7 10 
4 11 6.25 11.38 
5 14.5 2.38 12 




Fig. 3.7 Tuning process flowchart 
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For a complete volcano-smoke slot antenna, the B(x) profile still has to be closed.  
As a general rule, the gap between A(x) and B(x) at the open-circuit point should be at 
least a quarter-wavelength of the lowest frequency in the desired bandwidth.  In this 
case, it is taken to be 4.5 GHz.  Hence, the gap is set to be 12mm.  The profile of B(x) 
is then completed by joining the end points using the spline function to get a smooth 
curve. 
Finally, the response of the antenna such as the radiation pattern and impedance 
bandwidth is simulated using an EM simulator.  The frequency response of the input 
impedance is calculated using equation (3.35).  It is compared in Fig. 3.8 with the 
measured imaginary input impedance.  It can be seen that at 7.3 GHz, the imaginary 
input impedance equals zero, which represents a resonance.  The measured 
S11-paramters are shown in Fig. 3.9. 
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Fig. 3.8 Comparison of simulated and measured input impedance of the PVSA 
 
Fig. 3.9 Measured S11-parameter of the PVSA 
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From the measured results, the resonant frequency was found to be at 6.8 GHz.  
The simulated resonant frequency was observed to be a good estimate of the actual 
resonant frequency.  The deviation was about 7%.  The measured bandwidth is from 
4.5 GHz to 10.3 GHz.  
 
3.2 Novel modifications to the slot of PVSA 
In this section, several novel modifications to the slot of the PVSA are presented.  
It is proposed that by changing the shape of the slot of the PVSA, better bandwidth and 
radiation characteristics can be achieved. 
3.2.1  T-shaped protrusions on the slot of PVSA  
Figs. 3.10 and 3.11 depict respectively the antenna geometry of the conventional 
PVSA and the proposed modified T-protrusion PVSA.  Both antennas are fed by 50Ω 
connector through CPW transmission line, which is fabricated on a Duroid substrate of 
permittivity of 2.2 and thickness 1.57mm.  The feed point has a centre conductor 
width of 5mm and a gap width of 0.5mm.  Compared to the conventional PVSA, our 
proposed antenna has a T-protrusion along the slot.  Fig. 3.11 shows the top view of 





Fig. 3.10 Geometry of the conventional PVSA 
 
Fig. 3.11 PVSA with T-shaped protrusions along the slot 
Both antennas are simulated using the commercial package IE3D.  The simulated 
and measured S11 characteristics of both antennas are compared in Fig. 3.12 and Fig. 
3.13.  The impedance bandwidth for conventional PSVA is from 4.5 GHz to 11.2 GHz 
in the IE3D simulation, whereas it ranges from 4.5 GHz to 10.3 GHz in the measured 
results.  On the other hand, our proposed antenna has an impedance bandwidth from 
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4.4 GHz to 14.4 GHz in the measured results.  A larger impedance bandwidth of 40% 
is noted for our proposed antenna as compared to the conventional PVSA.   
 
Fig. 3.12 Simulated S11 characteristics of both antennas 
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Fig. 3.13 Measured S11 characteristics of both antennas 
The radiation patterns for the two principal cuts (φ=0° and φ=90°) of the 






Fig. 3.14 Radiation patterns of the conventional PVSA at (a) 5 GHz, (b) 10 GHz 
Fig. 3.15 shows the radiation patterns of the modified slot antenna for the two 
principle cuts (φ=0° and φ=90°) for frequencies 5 GHz, 9.5 GHz and 13 GHz.  








Fig. 3.15 Radiation patterns of the modified antenna at (a) 5 GHz, (b) 9.5 GHz and 
(c) 13 GHz 
The gain of the modified antenna with T-protrusions along its edges is compared 
to the conventional PVSA in Fig. 3.16. 
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Fig. 3.16 Gain of the T-slot PVSA and the conventional PVSA compared against 
the isotropic antenna at φ=0˚ 
The variation of the sizes of the “T”s in the modified slot antenna is also 
investigated.  Two designs of dimensions a=0.9mm, b=0.3mm and a=0.6mm, 
b=0.2mm of our proposed antenna have been fabricated and compared in Figs. 3.17 
and 3.18.  From the return loss plot in Figs. 3.17 and 3.18, the design with dimensions 
a=0.2mm, b=0.6mm shows better bandwidth performance.  Fig. 3.19 shows the 
pictures of the fabricated antennas with the various dimensions of “T”s. 
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Fig. 3.17 Simulated return loss of the modified antennas for the different sizes of 
“T”s 
 




Fig. 3.19 Various dimensions of the T-shaped protrusions of the PVSA 
3.2.2  Serpentine slot PVSA 
In addition to the T-shaped protrusions, modifying the slots of the PVSA into 
serpentine slots are investigated in this section.  Figs. 3.20 and 3.21 show the 
geometry of the two serpentine slot volcano-smoke antennas A and B respectively.  




Fig. 3.20 Geometry of serpentine slot antenna A 
 
 
Fig. 3.21 Geometry of serpentine slot antenna B 
Fig. 3.22 compares the measured results between the two serpentine slot 
volcano-smoke antennas.  No simulations were done for these antennas as the 
geometry of the waves requires a very fine mesh for all simulation methods and 
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software.  Hence, the memory required is prohibitively large. 
 
Fig. 3.22 Comparison of the measured return loss for the two serpentine slot 
antennas 
Comparing Fig. 3.22 and Fig. 3.13, it is apparent that although Antenna A and the 
conventional PSVA have about the same impedance bandwidth, Antenna A’s 
impedance bandwidth is a vast improvement of about 60% that of the conventional 
PSVA.  Comparing the T-slot Antenna and Antenna A, Antenna A clearly exhibits a 
superior bandwidth performance.  The bandwidth of the serpentine slot antenna A 
achieved a bandwidth from 4.3 GHz to 16 GHz.  Fig. 3.23 shows the gain of the 
serpentine slot antenna A.  Fig. 3.24 shows a photograph of the fabricated serpentine 
slot antennas A and B. 
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Fig. 3.23 Gain of the serpentine slot antenna A 
 
Fig. 3.24 Serpentine slot antennas A and B 
 47
3.2.3  Diamond-Shaped Antenna 
Both the T-slot and the serpentine slot volcano-smoke antennas exhibited 
enhanced bandwidth compared to the conventional PSVA.  However, these antennas 
are not easy to design, mainly due to their difficult and arbitrary shapes.  Hence, in 
this section, a new variant of the planar volcano-smoke slot antenna is proposed [23].  
The proposed antenna has an angular slot, resulting in a diamond-shaped inner island 
as shown in Fig. 3.25.  Fewer parameters are required to define the straight lines 
forming the angular slot, compared to the curved slot of the conventional PVSA.  
This enables larger mesh sizes and faster simulations.  Furthermore, optimization of 
the antenna is made straight-forward by just altering the parameters defining the 
straight lines. 
 
Fig. 3.25 Diamond-shaped antenna 
The patch dimensions of the antenna are 35mm by 35mm.  It is fabricated on 
Duroid substrate with permittivity 2.2 and thickness 1.57mm.  The feed point has a 
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centre conductor width of 5mm and a gap width of 0.5mm.  The diamond-shaped 
antenna is simulated with IE3D and compared to the conventional PVSA.  The 
conventional PVSA is constructed simply by joining the intersection points of the 
straight lines of the diamond-shaped slot with a spline.  The two antennas being 
compared are shown in the photograph in Fig. 3.26. 
 
Fig. 3.26 Conventional PVSA (left) and diamond-shaped antenna (right) 
The simulated and measured S11 characteristics of both antennas are compared in 
Figs. 3.27 and 3.28.  The impedance bandwidth for conventional PSVA is from 3.8 
GHz to 12.2 GHz in the IE3D simulation, whereas it ranges from 2.5 GHz to 14.8 GHz 
in the measured results.  On the other hand, our proposed antenna has an impedance 
bandwidth from 3.6 GHz to 12.5 GHz in the IE3D simulation, and from 2.5 GHz to 
15.1 GHz in the measured results.  A larger impedance bandwidth and improved 
matching within the bandwidth range are noted for our proposed antenna as compared 
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to the conventional PVSA. 
 
Fig. 3.27 Simulated S11 characteristics 
 
Fig. 3.28 Measured S11 characteristics 
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The radiation patterns for the two principal cuts (φ=0° and φ=90°) of the 
conventional PVSA are measured and shown in Fig. 3.29 for 3.5 GHz, 8 GHz and 11.5 
GHz.  Fig. 3.30 shows the radiation patterns of the diamond-shaped antenna for the 
two principle cuts (φ=0° and φ=90°) for the same frequencies.  Similar radiation 








Fig. 3.29 Radiation patterns of the conventional PVSA at (a) 3.5 GHz, (b) 8 GHz 













Fig. 3.30 Radiation patterns of the Diamond-shaped antenna at (a) 3.5 GHz, (b) 8 
GHz and (c) 11.5 GHz  
Therefore, compared to the conventional PVSA, our angular slot antenna is able to 
achieve a larger impedance bandwidth.  The radiation patterns are very similar to the 
conventional PVSA.  More importantly, the use of straight lines to define the slot has 
enabled faster and easier optimization of the antenna.  The gain of the conventional 
PVSA is compared against the diamond-shaped PVSA in Fig. 3.31. 
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Fig. 3.31 Gain of the Diamond-shaped antenna and the conventional PVSA  
3.3 Discussions 
In this chapter, a simple and quick synthesis procedure for designing the 
volcano-smoke slot antenna was proposed.  The simplified expressions that link the 
characteristic impedance to the functions A(x) and B(x) have removed the need to 
perform the conventional intensive EM optimization.  A first-cut design is thus 
derived and this can be used in subsequent EM fine-tuning.  The root mean square 
error is 1.25dBi and the largest error occurred at 10GHz. 
Novel modifications to the planar volcano-smoke slot antenna have also been 
made to improve its bandwidth performance.  These include the addition of T-shaped 
protrusions along the slot, modifying the slot to become serpentine slot, and modifying 
the slot to become angular in shape resulting in a diamond-shaped inner island.  All 
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these modifications served to enhance the impedance bandwidth of the antenna, 
without any adverse effects on the radiation patterns.  By modifying the slots of the 
conventional PVSA, the simulation time required for these antennas increased, except 
for the diamond-shaped antenna.  This is due to the fine mesh required to represent 
the small elements along the slot edges, namely the T-protrusions along the edges of 
the slot, and the small curvatures of the wavy slot.  Also, the optimization of these 
antennas is very difficult due to the numerous antenna parameters that can be adjusted.  
In a bid to correct this, the diamond-shaped antenna was designed.  Although the 
simulation time of this antenna has improved considerably and the optimization of the 
antenna has become simpler due to the reduced number of antenna parameters, the 
design of the PVSA and its variants still remain largely arbitrary.  
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Chapter 4 
A Mixed Dielectric LTCC Broadband 
Coplanar P-shaped Antenna 
 
Planar antennas with broadband characteristics have been the topic of research for 
many years.  Due to their small, lightweight, low profile and conformal nature, planar 
antennas such as the microstrip patch antennas and the slot antennas are easily 
integrated with monolithic microwave integrated circuits (MMICs).  These antennas 
also have applications on vehicles, aeroplanes and mobile communications where a 
low profile is important.  As an ever increasing amount of information is required to 
be transferred through communication systems, ever wider bandwidths are required for 
the antennas.  Electronic components are also getting smaller and smaller due to the 
ever decreasing sizes of transistors and chips.  Hence, besides bandwidth 
enhancement, the miniaturization of antennas has become an important focus. 
The slot antenna generally has better bandwidth performance and is smaller in 
size compared to the patch antennas.  For the conventional annular slot antenna 
excited by a microstrip feedline with a short [33] or an open [34] termination, an 
impedance bandwidth of approximately 19% has been obtained [35].  The CPW-fed 
square slot antenna [36] has a similar bandwidth of about 20%.  Recently, many 
attempts at improving the bandwidth of the slot antenna have emerged [37-41].  This 
is achieved by either changing the shape of the slot or by modifying the feedline of the 
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antenna.  Such antennas have bandwidths ranging from 30% to 50%.  However, 
these antennas have large footprints of more than a wavelength of the lowest frequency 
in the largest dimension, mainly due to the long feedlines from the slots and the large 
ground planes required.  An attempt to miniaturise the slot antenna by using 
capacitance loading [42] has resulted in a much smaller bandwidth of about 5%. 
A new compact and small P-shaped LTCC broadband slot antenna is proposed.  
Its largest dimension is less than 0.5λ of the lowest frequency.  The antenna is 
realized in the low-temperature cofired ceramic (LTCC) technology, which is in line 
with single integrated circuit solutions of modern communication systems.  The 
LTCC technology was originally developed for packaging microprocessors and has 
recently become the technology of choice to realize compact RF/microwave modules 
due to its excellent high-frequency performance.  The antenna is fed by a CPW 
feedline, which has the advantages of low radiation loss, less dispersion, less mutual 
coupling, and good control over characteristic impedance.  A parametric study on the 
pertinent antenna parameters has been conducted.  An optimal design is implemented 
and its measured results are presented and discussed.  The measured bandwidth of the 
proposed antenna is more than 40% (voltage standing wave ratio (VSWR)≤2.0).  A 
constant radiation characteristics over its bandwidth of interest has been observed. 
In addition, another P-shaped antenna with equivalent dimensions and design but 
with high-K dielectric loading in the slot is implemented.  This antenna is compared 
to the original P-shaped antenna without high-K dielectric loading.  It is observed that 
a miniaturization of 10% of the antenna area can be achieved by this kind of dielectric 
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loading.  The high-K dielectric loading is also able to generate better impedance 
matching.  There is no change in the overall thickness of the antenna, thus retaining 
its low profile characteristic.  There is also no deterioration in the measured 
bandwidth, which remains above 40%.  It has similar radiation pattern characteristics 
compared to the original P-shaped slot antenna.  
 
4.1 Antenna Structure 
The geometry of the proposed P-shaped slot antenna is shown in Fig. 4.1.  The 
antenna is formed by an inner circular patch with radius r1 and an outer circular slot 
with radius r2.  The centers of the inner circular patch and the outer circular slot lie 
along the same horizontal line which is at a distance l from the feed point.  The 
relative position of the inner circular patch and the outer circular slot is determined by 
the parameters of the CPW feedline.  The CPW feedline joins the slot in a tangential 
manner, with width w and gap g.  The compact P-shape slot antenna is fabricated on a 
six-layer LTCC substrate with height h = 0.56mm and permittivity εr = 5.9. 
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4.2 Parametric Study 
The various parameters of the antenna shown in Fig. 4.1 are studied to determine 
their effects on the bandwidth and resonant frequencies of the P-shaped antenna.  
Simulated S11-parameters are plotted as a function of frequency.  The aim is to tune 
the parameters such that the broadest bandwidth is achieved for S11 less than -10dB.  
The simulated S11-parameters range from 6 GHz to 13 GHz in steps of 0.1 GHz.  The 
effect of varying the radius r1 of the inner circular patch is shown in Fig. 4.2.  The 
initial values of the other parameters are set as r2=7.0mm, d=3.0mm, g=0.9mm, and 
w=1.5mm.  The size and positions of the circular slot and circular inner patch remain 
at L=20mm and l=10mm. 
 
Fig. 4.2 Variation of S11-parameters as a function of r1, keeping r2=7.0mm, d=3.0mm, 
g=0.9mm, and w=1.5mm constant. 
 From Fig. 4.2, it can be observed that when r1=3.5mm and r1=4.0mm, there are 
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two distinct dips in the S11 curve.  The dip at the higher frequency corresponds to the 
frequency at which the free-space wavelength approximately equals to the 
circumference of the smaller inner circular patch.  The circumference of the outer 
circular slot corresponds to the free-space wavelength of about 7 GHz.  As the radius 
of the inner circular patch increased, the matching at the lower frequency also 
improved.  The frequency at which the dip occurs at the lower frequency also 
decreased, moving closer and closer towards 7 GHz.  This indicates that the outer 
circular slot becomes the dominant resonating structure as the radius of the inner 
circular patch increased.  This is also due to the fact that the inner circular patch size 
is getting closer and closer to the outer circular slot size.   
 The effect of the variation of r2 on S11 parameters is investigated next.  The 
variation of r2 is from 6.0mm to 7.5mm in steps of 0.5mm, while r1 is kept constant at 
4.0mm.  The other parameters remain at r2=7.0mm, d=3.0mm, g=0.9mm, and 
w=1.5mm.  The size and positions of the circular slot and circular inner patch remain 
at L=20mm and l=10mm.  The effect of the variation of r2 is shown in Fig. 4.3. 
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Fig. 4.3 Variation of S11-parameters as a function of r2, keeping r1=4.0mm, d=3.0mm, 
g=0.9mm, and w=1.5mm constant. 
 From Fig. 4.3, it can be seen again that there are two distinct dips in the resonant 
frequency.  As explained earlier, the two different dips are caused by the different 
resonant frequencies of the inner circular patch and the outer circular slot structure of 
the P-shaped antenna.  When the outer circular slot radius r2=7.5mm and inner 
circular patch radius r1=4.0mm, although there are two distinct dips, the matching is 
not good.  This is due to the weak coupling between the two resonant structures, 
namely the inner circular patch and the outer circular slot.  The gap between the inner 
circular patch and the outer circular slot is 3.5mm.  However, as the radius r2 of the 
outer circular slot decreased, the gap between the inner circular patch and the outer 
circular slot also decreased, the coupling between the two resonant structures became 
stronger.  The two resonant frequencies are also closer.  As a result of the stronger 
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coupling, the dip of the higher frequency component is less obvious, and the matching 
of the lower frequency component becomes better.  The bandwidth also increases. 
 Therefore, from Fig. 4.2 and Fig. 4.3, it can be deduced that inner circular patch 
and the outer circular slot control the upper and lower frequency limit of the P-shaped 
antenna.  A combination of the coupling between these two resonant structures and 
also good matching would result in a broad bandwidth for the antenna.    
 It is proposed that the matching of the antenna is controlled by the gap width and 
the centre conductor width at the coplanar waveguide (CPW) feed of the antenna.  
The characteristic impedance of the CPW feed of the antenna can be altered by either 
changing the width of the gap or the width of the centre conductor or both.  Since all 
the above mentioned methods are able to achieve the same effect on the characteristic 
impedance of the CPW, in the study illustrated here, only the gap width of the CPW 
feed is varied to investigate the effect on the matching and S11-parameters of the 
antenna.  Fig. 4.4 shows the effect of varying the gap width of the CPW feed on the 
matching of the antenna.  The inner radius of the circular patch is r1=3.5mm and the 
outer radius of the circular slot is r2=7.0mm.  The gap of the CPW feed g is varied 
from 0.3mm to 0.9mm, while the centre conductor width w is constant at 1.5mm.  
The other parameters remain at r2=7.0mm, d=3.0mm, g=0.9mm, and w=1.5mm.  The 




Fig. 4.4 Variation of S11-parameters as a function of g, keeping r1=3.5mm, r2=7.0mm, 
d=3.0mm, and w=1.5mm constant. 
 From Fig. 4.4, the matching is initially not good for the set of parameters 
r1=3.5mm and r2=7.0mm when g=0.9mm and w=1.5mm.  However, by tuning the 
gap width g of the CPW feedline, both the matching and bandwidth improved.  It can 
be seen that the best matching and bandwidth is achieved when g=0.5mm.  This value 
for the width of the gap varies to give optimal bandwidth and matching as the set of 
parameters r1 and r2 changes.  In this case, the best matching also gave the broadest 
bandwidth.  However, in general, a good matching does not always imply the 
broadest bandwidth achievable.  Fig. 4.5 illustrates this fact.   
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Fig. 4.5 Variation of S11-parameters as a function of g, keeping r1=4.5mm, r2=6.0mm, 
d=3.0mm, and w=1.5mm constant. 
 In the example in Fig. 4.5, the gap width g is varied from 0.9mm to 0.3mm for the 
constant set of parameters r1=4.5mm and r2=6.0mm.  It is clear that the best matching 
is achieved when g=0.9mm.  However, this also resulted in the poorest bandwidth 
performance.  On the other hand, the worst matching at g=0.3mm resulted in the best 
bandwidth performance.  Hence, the objective should really be to obtain the broadest 
bandwidth performance and not the best matching.  It is sufficient as long as the 
matching is less than -10dB. 
 Therefore, the gap width g of the CPW feed controls the matching, and also to a 
certain extent, the bandwidth of the P-shaped antenna. 
 The effect of the size of the ground plane on the performance of the P-shaped 
antenna is investigated next.  Fig. 4.6 shows the variation of the size of the ground 
 65
plane.  The distance from the outer circular slot of the P-shaped antenna is varied 
from 2.5mm to 4.0mm on all the four edges.  The other parameters are constant and 
are given by r1=3.5mm, r2=7.0mm, g=0.5mm, and w=1.5mm. 
 
Fig. 4.6 Variation of S11-parameters as a function of distance from the edge of the 
outer circular patch to the edge of the ground plane, keeping r1=3.5mm, r2=7.0mm, 
g=0.5mm, and w=1.5mm constant. 
 From Fig. 4.6, it is observed that as the size of the ground plane decreased, the 
bandwidth decreased slightly and the matching became worse as well.  The most 
drastic decrease in the bandwidth and deterioration of the matching occurred when the 
distance from the edge of the outer circular slot to the edge of the entire ground plane 
decreased to 2.5mm.  Hence, in this particular case, the smallest acceptable distance 
of the edge of the outer circular slot to the edge of the entire ground plane is 3.0mm.  
This corresponds to about 0.075λ of the lowest frequency which is 7.5 GHz in this case.  
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Therefore, in the frequency range of interest in the investigation here, the ground plane 
should extend about 3.0mm from the edge of the outer circular slot. 
 
4.2 Design Procedure 
A. Determining L, r1, r2 According to Design Frequency 
The IE3D software is used to simulate the P-shaped slot antenna.  An extensive 
parametric study is performed as explained previously and a design procedure is 
established.  The lower cutoff frequency is selected to be 7 GHz and the upper cutoff 
frequency is selected as 12 GHz.  The outer slot circle controls the lower cutoff 
frequency whereas the inner patch circle controls the upper cutoff frequency.  
The computed radii for the inner and the outer circles are respectively given as r1 
= 4mm and r2 = 7mm.  These correspond to free-space lower and upper frequencies 
of about 7 GHz and 12 GHz.  Consequently, a piece of LTCC substrate with 
dimension L = 20mm is chosen.   
 
B. Setting w and Adjusting g to Obtain Impedance Matching 
The impedance matching of the proposed P-shaped slot antenna is achieved 
mainly by adjusting the centre conductor width w and the gap g of the CPW feedline.  
In this case, the centre conductor width is set to be w = 1.5mm due to the restriction of 
our available SMA connectors.  Fig. 4.7 shows the input impedance at the feed point 
for the four different cases of g = 0.9, 0.7, 0.5, 0.3mm when the other dimensions are 
fixed.  From the simulation results, it can be observed that initially there are two 
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distinct dips, namely g = 0.9 and 0.7mm.  Through our parametric variation, it is 
observed that there exists an optimal when g = 0.5mm. 
 
Fig. 4.7 Simulated S11 characteristics for the various g of the proposed P-shape slot 
antenna 
 
C. Loading Slot with High-K Dielectric for Miniaturisation 
We propose that by loading the slot of the P-shape antenna with high-K dielectric, 
the size of the antenna can be reduced.  The high-K material is a thin layer of 
dielectric of very high permittivity εr = 250.  It has the same thickness as the metal 
layer of approximately t = 0.0075mm.  The inclusion of the high-K dielectric is 
performed through a post annealing process.  The final structure of the antenna is 





Fig. 4.8 Isometric view of the P-shape slot antenna loaded with high-K dielectric 
 
Fig. 4.9 Simulated S11-parameters for the P-shaped slot antenna loaded with high-K 
dielectric material and without high-K dielectric material 
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The P-shaped antenna with high-K was simulated with IE3D Release 11.0, which 
has the capability to simulate 2.5-dimensional structures with finite dielectric of 
arbitrary shapes.  The simulated results are compared to that of the P-shaped slot 
antenna without high-K dielectric loading and are presented in Fig. 4.9.  From Fig. 
4.9, a downward shift of about 10% in the frequency bandwidth as compared to the 
P-shape slot antenna without high-K dielectric loading is observed. 
From the above discussions, the design flow chart for the proposed miniaturized 
P-shape slot antenna is drawn and shown in Fig. 4.10.  The design procedure is based 
on the antenna fabricated on the LTCC substrate with 0.56 mm thickness. 
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Fig. 4.10 Design flow-chart of the P-shape slot antenna loaded with high-K 
dielectric fabricated on LTCC substrate 
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4.3 Experimental Results and Discussions 
According to the design procedure described in the above section, it is observed in 
Fig. 4.7 that a gap of g = 0.5mm, yields the largest impedance bandwidth and good 
impedance matching.  The P-shaped LTCC slot antenna is fabricated in-house.  Fig. 
4.11 shows the measured return loss of the P-shape antenna compared to the simulated 
results.  It shows good agreement between the measured and simulated results, except 
for the two dips in the measured results at 9.5GHz and 11GHz.  The measured results 
are within 5% of the simulated results.  The bandwidth of the antenna is 40% and 
ranges from 8 GHz to 12 GHz.  Fig. 4.12 shows the radiation patterns of the P-shaped 
slot antenna at frequencies 8, 9, 10, 11 GHz respectively for the x-z and y-z planes.  
As observed, the radiation patterns of the antenna remain constant over its entire 
bandwidth. 
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Fig. 4.12 Measured x-z plane and y-z plane radiation patterns for the P-shape slot 
antenna with g = 0.5mm.  (a) f = 8 GHz, (b) f = 9 GHz, (c) f = 10 GHz, (d) f = 11 GHz 
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The current distribution on the antenna is plotted in Fig. 4.13.  As expected, the 
current concentrated along the edges of the circular slot.  This is the reason why there 
is a limit as to how small the ground plane can be.  If the ground plane is too small, 
the current cannot distribute along the edges of the circular slot and will be reflected 
by the edges of the smaller ground plane.  This will have the effect of a smaller 
bandwidth and deteriorated matching as illustrated previously in Fig. 4.6.  Also, the 
current is distributed relatively evenly over the edges of the inner circular patch and 
the outer circular slot.  This contributes to the constant radiation pattern of the 
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Fig. 4.13 Current distribution on the P-shaped antenna at (a) 8 GHz, (b) 9 GHz, (c) 
10 GHz, (d) 11 GHz 
A second P-shaped LTCC slot antenna with high-K dielectric material loading is 
fabricated and measured.  The P-shaped antenna with high-K was simulated with 
IE3D Release 11.0.  Fig. 4.14 compares the simulated and the measured S11 
characteristics of the P-shaped antenna loaded with high-K dielectric material in the 
slot.  It is noted that the resonant frequency predicted by the simulation is 2.5 GHz 
lower than that of the measured resonant frequency.  The cause for the large 
discrepancy is two-prong.  IE3D might not be able to accurately simulate the very 
thin layer of high-K dielectric material (0.0075mm) compared to the thickness of the 
substrate (0.56mm).  Another reason could also be due to fabrication tolerances.  
However, the prediction of the bandwidth of the P-shaped antenna with high-K 
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dielectric material loading is very accurate.  The high-K dielectric material is 
conventionally fabricated in between layers for the construction of capacitors and 
inductors.  Placing the high-K dielectric material on the top layer in the slot of an 
antenna to enhance its performance is a completely novel idea, and hence errors might 
result due to inexperience in the fabrication of such structures.  The measured 
bandwidth of the P-shaped slot antenna with dielectric material loading in the slot is 
7.3 GHz to 11.1 GHz.  
 
Fig. 4.14 Comparison of simulated and measured S11 characteristics of the 
P-shaped antenna loaded with high-K material in the slot 
Fig. 4.15 compares the measured S11 characteristics between the conventional 
P-shape antenna and the P-shape antenna with high-K dielectric loading.  It is 
observed that the lower and upper cutoff frequencies have decreased by about 10% for 
the case of the P-shaped antenna with high-K dielectric loading compared to that of the 
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P-shaped antenna without high-K dielectric loading.  Also, a better matching is 
achieved in the antenna with high-K dielectric loading compared to the P-shaped slot 
antenna without high-K dielectric loading.  Hence, a 10% reduction in the antenna 
area is possible for the same frequency bandwidth.  Fig. 4.16 shows the radiation 
patterns of the antenna with high-K dielectric loading.  The radiation patterns are 
similar to that of the P-shaped slot antenna without high-K dielectric loading.  It is 
observed in Figs. 4.12 and 4.16 that the P-shaped slot antenna with high-K dielectric 
loading has lower cross-polarisation compared to the P-shaped antenna without high-K 
dielectric loading.  The gains of both the P-shaped slot antenna with and without 
high-K dielectric loading are compared in Fig. 4.17.  A photograph of the actual 
P-shaped slot antennas without and with high-K dielectric material loading, fabricated 




Fig. 4.15 Comparison of S11 characteristics for P-shape slot antenna with and 
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Fig. 4.16 Measured x-z and y-z planes radiation patterns for the P-shape slot 
antenna with high-K dielectric loading.  (a) f = 8 GHz, (b) f = 9 GHz, (c) f = 10 GHz, 
(d) f = 11 GHz 
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Fig. 4.17 Measured gain for the P-shape slot antenna with and without high-K 
dielectric loading 
 





The P-shaped antenna can be analysed by the simple transmission line method.  
It can be divided into 3 regions as shown in Fig. 4.19.  Each region is represented by 
a transmission line component. 
 
Fig. 4.19 Three regions of the P-shaped antenna for analysis 
 From Fig. 4.19, region A is a coplanar waveguide (CPW) with length l1=4.6mm, 
with centre conductor width w=1.5mm and gap g=0.5mm.  Region B is an 
asymmetrical coplanar stripline (CPS) with length l2=5.4mm, with left conductor width 
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d=3.5mm, right conductor width w=1.5mm, and gap g=0.5mm.  Region C consists of 
a series of cascaded segments coplanar waveguides, with each segment having a 
section length of ∆d=0.2mm.  These three different regions of components are 
modeled as a series connection, as shown in Fig. 4.20 
 
Fig. 4.20 Series connection of the three regions A, B and C  
 From Fig. 4.20, region C is terminated by and open circuit.  Each segment of 
length ∆d=0.2mm is a CPW section with finite ground plane and has characteristic 
impedance defined by equation (3.17), repeated below for the reader’s convenience. 
0 3
30( ) ( )
( )re
Z x R x
x
π
ε= .       (4.1) 
The characteristic impedance of each segment is calculated.  The input impedance 
looking into element 1 is then first computed.  This input impedance is then 
transformed across element 2 to obtain a new input impedance looking into the 
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element.  This process is carried out until the last element n is reached.  The input 
impedance ZC looking into all the segments of region C is will then be obtained. 
 ZC is again transformed across the asymmetrical CPS with characteristic 
impedance ZCPS to obtain the input impedance ZB looking into the CPS.  The 
characteristic impedance ZCPS is computed with the following formulas derived from 
conformal mapping [32].  The parameters are illustrated in Fig. 4.21. 
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ε=          (4.7) 
where K is the complete elliptic integral of the first kind. 
After getting ZB, it is again transformed through the CPW of region A to 
obtain ZA, which is also the input impedance of interest for the P-shaped antenna.  
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Region A is modeled as a CPW with infinite ground plane as shown in Fig. 4.22 
and the formulation is shown in the following equations. 
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 The structure in Fig. 4.20 is simulated by ADS using the above formulations 
to determine its input impedance ZA, as shown in Fig. 4.23. 
 
Fig. 4.23 Simulated input impedance ZA of the P-shaped antenna using IE3D and 
the transmission line model 
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 A lossless case was assumed in the transmission line model simulation, hence the 
input impedance ZA shown in Fig. 4.23 is purely imaginary.  Nevertheless, the results 
are highly illustrative.  It is well-known that resonance occur when the input 
impedance of the antenna is purely resistive, i.e., when ZA is purely real.  In the 
lossless case, this means that resonance occur when the imaginary ZA is zero.  From 
Fig. 4.23, it can be seen that the imaginary ZA is zero at 10 GHz for the transmission 
line model.  The shape of the transmission line model input impedance curve 
resembles that of the full-wave simulation by IE3D of the imaginary input impedance, 
except for the end frequencies of 7GHz and 13 GHz.  The root mean square error 
over the entire range is 60 ohms.  From Fig. 4.11 and Fig. 4.14, it is observed that the 
IE3D simulation is an accurate prediction of the S11-parameters of the P-shaped 
antenna as compared to the measured results.  This shows that the transmission line 
model is a fairly accurate model of the P-shaped antenna. 
4.5 Conclusion 
A compact broadband LTCC P-shaped slot antenna with CPW feedline has been 
designed.  The proposed slot antenna has a compact structure due to the clever 
arrangement of the CPW feedline.  It achieved an impedance bandwidth of about 
40% and has a constant radiation pattern over its entire frequency range.  By optimal 
placement of square patches of high-K material in the slot of the P-shape slot antenna, 
the size of the antenna can be reduced by about 10%.  There is no deterioration of 
bandwidth and radiation patterns.  Finally, a simple design procedure has been drawn 
for the design of the miniaturized P-shape slot antenna. 
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Chapter 5 
Conclusions and Future Works 
 
5.1 Conclusion 
This thesis has set out to investigate and design new UWB antennas.  Two novel 
broadband slot antennas suitable for UWB communication systems are presented.  
One of them is the planar volcano smoke antenna (PVSA), which was first envisioned 
by Kraus [21] in three-dimensional form and more recently realized as a planar 
structure [19, 20].  In this thesis, novel modifications to the edges of the PVSA slots 
have resulted great improvements in the bandwidth of the PVSA.                    
By the addition of T-protrusions on the edges of the slot of the PVSA, a bandwidth 
enhancement of 40% is achieved compared to the conventional PVSA.  The 
bandwidth achieved was 4.4 GHz to 14.4 GHz.  With the modification of the smooth 
slot into a serpentine shape, an improvement of 60% in the bandwidth is achieved.  
The bandwidth achieved was 4.3GHz to 16 GHz.  These novel bandwidth broadening 
techniques of the PVSA are incorporated without any adverse effects to the radiation 
patterns.  The gain for the antennas were above 0 dBi for frequencies below 9 GHz, 
and above -3 dBi for the other frequencies within the bandwidth.  Both the antennas 
were fabricated on Duroid substrate with relative permittivity of 2.2.  The dimensions 
of the antenna are 30mm × 30mm × 1.57mm.   
However, despite the PVSA-type antennas having very good bandwidth, there 
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remain some problems.  The PVSA requires lengthy simulation times due to the 
irregular shape of the PVSA slot, because the mesh must be very fine to model the 
shape of the slot.  The irregular shape of the slot also means that there are many 
parameters controlling its shape.  This makes the optimization of the PVSA is both 
time-consuming and tedious. 
Therefore, a novel diamond-shaped slot PVSA is designed.  The edges of the slot 
are straight, forming a diamond shape slot.  Due to the straight edges of the slot, there 
is a great reduction in the number of parameters to vary for the optimization of the 
antenna.  Furthermore, there is no reduction in the bandwidth of the diamond-shaped 
PVSA compared to the conventional PVSA.  The diamond-shaped slot PVSA 
achieved a bandwidth of 2.5 GHz to 15.1 GHz.  The gain of the antenna was above -3 
dBi for the entire bandwidth, with a peak of 2.5 dBi at 3.5 GHz.  The radiation 
patterns also remained constant. 
In addition, a novel simple and quick synthesis method for the PVSA is developed.  
It is a very systemic approach using transmission line analysis to numerically compute 
the input impedance of the PVSA.  As no complex computations of matrices are 
involved, this method is very fast and has minimum requirements on storage space.  
An optimum shape of the PVSA can be designed very quickly given a specified centre 
frequency.  The antenna can then be further fine-tuned once the initial shape is 
designed.  The relative error in the prediction of the centre frequency was about 6%. 
The other novel antenna presented in this thesis is the compact mixed dielectric 
P-shaped slot antenna.  It has advantages of small size (20mm × 20mm × 0.56mm, 
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which is less than 0.5λ of the lowest frequency) and a wide bandwidth of more than 
40%.  It achieved a bandwidth of 8 GHz to 12 GHz.  The gain was between 1 dBi 
and 4 dBi for the entire bandwidth.  It is realized on LTCC substrate and is easily 
integrated with RF/microwave systems.  LTCC substrate has the advantages of 
excellent high-frequency performance.   
Another novel idea of loading high-K dielectric material in the slot of the 
P-shaped antenna is also investigated.  It is found that the high-K dielectric loading 
lowers the upper and lower frequency cutoff by 10%.  Therefore, it is observed that 
by using high-K dielectric material loading in the slot of the P-shaped antenna, a 
reduction of 10% of the antenna dimensions is possible.  A prototype was built and it 
achieved a bandwidth of 7.3 GHz to 11.1 GHz.  The gain was between 1 dBi and 5.25 
dBi for the entire bandwidth. 
 Both the PVSA and the P-shaped antennas are slot antennas.  They have small 
dimensions and radiate only from a small area of the antenna.  Therefore, these 
antennas are suitable for the transmission of pulses used by UWB communication 
systems without much distortion, unlike the conventional broadband 
frequency-independent antennas.  These antennas can be used in indoor wireless 
communication devices which has an assigned bandwidth of 3.1 GHz to 10.6 GHz. 
 Both the PVSA and the P-shaped antenna have been modeled by transmission line 
models.  The antennas were viewed as a cascade of equal length CPW line segments 
with widths of the centre conductor and slot adjusted to the profile of the slots.  Each 
segment of the antenna becomes a section of a coplanar transmission line.  The end 
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termination of the CPW transmission line is taken to be an open-circuit.  For the 
PVSA, the change in the characteristic impedance is continuous along its profile and is 
modeled by a differential equation as the length of each segment approaches zero.  
For the P-shaped slot antenna, each segment has a finite length, and the characteristic 
impedance is a step change along its profile.  Both the transmission line models gave 
fairly accurate prediction of the antenna’s centre frequency.  However, there are 
limitations to modeling antennas with the transmission line model.  Transmission 
lines cannot model radiation.  It can only predict or analyse the resonance frequency 
of the antenna, which occurs when the imaginary part of the input impedance is equal 
to zero.  Therefore, for more accurate fine-tuning of the antennas, a full-wave 
simulation is carried out. 
 The PVSA has a superior impedance bandwidth compared to the P-shaped slot 
antenna.  However, the radiation pattern of the PVSA varies more across its 
frequency range of interest.  On the other hand, the P-shaped slot antenna has a very 
constant radiation pattern throughout its frequency band of interest.  The P-shaped 
slot antenna also has a better gain performance compared to the PVSA.  It has gain 
greater than the isotropic antenna throughout its entire bandwidth, but the PVSA has 
poor gain less than the isotropic antenna in the higher frequency range of its bandwidth.  
Most importantly, the design of the P-shaped slot antenna is much simpler and easily 
repeatable considering that it has a regular shape.  Although much effort has been 
undertaken to simplify the design of the PVSA, it is still more difficult to design 
compared to the P-shaped antenna due to its intrinsic irregularity in shape.  Hence, 
 96
the P-shaped slot antenna is much more suitable for cheap and widespread commercial 
production.  The only disadvantage the P-shaped slot antenna has over the PVSA is 
that it has smaller impedance bandwidth compared to the PVSA.  However, it has the 
potential for greater bandwidth and this will be discussed in the next section. 
 From the above achieved results, the research has met its objectives.   
5.2 Future Works 
5.2.1  Improving the bandwidth of the 
P-shaped slot antenna 
 It was mentioned in the previous section that the P-shaped slot antenna has very 
good performance compared to the PVSA, except that it has a smaller bandwidth.  It 
is also much easier to design due to its simple geometry.  Hence, one area for future 
work is to enhance the bandwidth of the P-shaped slot antenna. 
 By studying the current distribution of the P-shaped antenna in Fig. 4.13, it is 
observed that the current distribution from the CPW feed into the inner circular patch 
and the outer circular slot is abrupt and not evenly distributed.  The current 
concentrates in the lower corner of the transition.  This would adversely affect the 
impedance bandwidth and radiation properties of the antenna.  Here, the inner 
circular patch and outer circular slot lie on the same horizontal axis.  This is a ninety 
degrees change in the direction of the current flow after it is fed into the CPW along 
the vertical axis.  This is the reason for the uneven current distribution at the 
transition.  Therefore one way to improve the current distribution is to offset the inner 
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circular patch from the horizontal axis, as shown in Fig. 5.1. 
Fig. 5.1 P-shaped antenna with inner circular patch with c1 as centre of inner circular 
patch and c2 as centre of outer circular slot 
 The antenna shown in Fig. 5.1 is simulated with different offsets and has the same 
dimensions as the antenna described in section 6.3.  The simulated S11-parameters 
are presented in Fig. 5.2. 
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Fig. 5.2 Variation of S11-parameters as a function of different offsets 
As expected, from Fig. 5.2, it is observed that a broader bandwidth is achieved 
when an offset of 5mm is used.  As explained earlier, this is the result of a smoother 
current flow from the CPW feed to the radiating slot. 
 Other methods of improving the bandwidth of the P-shaped slot antenna can also 
be investigated.  One suggestion is to make use of the multi-layer property of the 
LTCC substrate.  Slots of the same P-shape (of the same size or of different sizes) can 
be placed at different layers of the substrate, possibly with an optimized offset, to act 
as secondary or parasitic radiators for the original single layer P-shaped slot antenna.  




5.2.2  Improving the analysis method of the 
P-shaped slot antenna 
Currently, the P-shaped slot antenna is analysed by a simple transmission line 
model consisting of three sections.  The first feed section is a CPW transmission line, 
followed by a CPS transition, and finally the CPW radiator with varying characteristic 
impedance terminated by an open circuit, as shown in Fig. 4.20.  This is one way to 
model the P-shaped slot antenna.  The P-shaped slot antenna can also be viewed as a 
bended CPW structure, with discontinuity capacitances as shown in Fig. 5.3. 
 
Fig. 5.3 Modelling of the P-shaped antenna as a bended CPW with discontinuity 
capacitances at the circled regions 
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From Fig. 5.3, the discontinuity capacitances due to the bending of the CPW line 
are at the circled regions.  To obtain a greater insight through an equivalent 
transmission line model, we partition the circuit as shown in Fig. 5.4.  The 
transmission line model of the P-shaped antenna can be made more accurate by the 
addition of the discontinuity capacitance as shown in Fig. 5.4. 
 
Fig. 5.4 Series connection of the three regions A, B and C, with discontinuity 
capacitance 
The value of the discontinuity capacitance in Fig. 5.4 can be found by full-wave 
simulations, or by measurements. 
 
5.2.3  Investigation of other possible UWB 
antennas 
In this thesis, two slot antennas suitable for UWB communication systems are 
presented.  A slot antenna is the natural choice for UWB communication systems 
because of its miniature size and good radiation properties.  Radiation concentrates 
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along the slot of the antenna, which occupies a small area compared to wavelengths of 
the frequency range of interest.  Therefore, there are no delays and distortions when 
transmitting a pulse of UWB systems.  The same cannot be said for classical 
frequency-independent antennas, as explained in Chapter 2.  For the classical 
frequency-independent antenna, the different frequencies within its bandwidth radiate 
from different portions of the antenna.  If a pulse of the UWB system were 
transmitted on such an antenna, distortion of the pulse will occur.  A distortion in the 
time domain waveform of the pulse results in a loss of information in the frequency 
domain after Fourier Transform of the waveform is performed.  
However, if the radiation from the classical frequency independent antenna can be 
restricted within a small patch area, it might be possible for the antenna to transmit a 
pulse with minimal distortion.  One way to achieve this is to miniaturise the classical 
frequency independent antenna.  The concept of miniaturizing the log-periodic 
toothed antenna is presented in the next section.  Due to time constraints of this 








5.2.3.1 The Novel Log-periodic Antenna 
The log-periodic antenna [43] is a class of broadband antennas for which the input 
impedance and radiation patterns vary periodically with the logarithm of the frequency.  
Its concept closely resembles that of the frequency independent antenna.  For the 
particular class of self-complementary log-periodic antenna, the variation of the 
electrical characteristics over a period is negligible, and the impedance and patterns are 
essentially independent of frequency over bandwidths greater than ten to one.  
However, strictly speaking, the log-periodic antenna is not truly frequency independent 
because the entire shape of it cannot be solely specified by angles. 
Historically, the log-periodic antenna was developed because of the inadequacies 
of the frequency independent spiral antennas.  The radiation patterns of the planar 
spiral antennas are broad and bidirectional with the maxima along the axis 
perpendicular to the sheet metal, and are circularly polarized.  It would be preferable 
if the broadband antenna were linearly polarized, and if there were more control over 
the radiation pattern and directivity.  It was realized that the bow-tie antenna, as 
shown in Fig. 5.5, could be constructed in a self-complementary fashion and it has 
linear polarization.  However, in the bow-tie antenna, the currents are abruptly 
terminated at the ends of the fins, like resonant antennas.  As the currents are not 
negligible at the point of truncation, the bow-tie antenna has limited bandwidth. 
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Fig. 5.5 The bow-tie antenna 
Therefore, if the bow-tie antenna could be altered in such a way as to cause the 
currents to fall off with distance from the feed point more rapidly than usual, 
broadband characteristics would be possible.  One way of accomplishing this is to 
introduce discontinuities, for example teeth, into the fins in an attempt to increase the 
radiation and speed up the decay of current.  The design of the teeth should adhere to 
the angle condition as far as possible.  Consequently, the teeth are cut along circular 
arcs and the lengths of the arcs are determined by angles alone, as shown in Fig. 5.6. 
The spacing of the teeth is based on the successful structure of the equiangular 
spiral antenna.  On the equiangular spiral antenna, along a line drawn from the centre 
outward, the spacing from one conductor to the next is in a constant ratio according to 
equation (2.1).  Therefore, the spacing of the teeth in the bifin is such that the radii of 
the circular arcs forming the corresponding parts of the successive teeth have a 
constant ratio τ. 
Although this structure would not necessarily be frequency-independent, the 
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performance on an infinite structure would be identical at a discrete number of 
frequencies.  Theoretically, if the antenna structure in Fig. 5.5 is infinitely large and 
infinitely precise near the feed point, the structure must look exactly the same to the 
generator every time the frequency is changed by the factor τ.  If the variation of the 
impedance and pattern is small over a period (τ close to 1), the antenna would be 
essentially frequency independent. 
In practical designs, the low frequency cut-off occurs when the longest tooth is 
approximately λ/4; the high frequency cut-off occurs when the shortest tooth is 
approximately λ/4. 
 
A.  Design Equations 
For the log-periodic toothed planar antenna, the ratio of edge distances is a 






τ += < .         (5.1) 





σ = < .         (5.2) 
 Since the relations above are of a periodic nature, the pattern and impedance 
behaviour are periodic with the same period, i.e., the frequencies from adjacent periods 








= , 1n nf f +< .       (5.3) 
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Taking the logarithm of both sides of equation (5.3), we have 
1
1log log logn nf f τ+
⎛ ⎞= + ⎜ ⎟⎝ ⎠  .      (5.4) 
Thus, the performance is periodic in a logarithmic fashion and, hence, the name 
log-periodic antenna. 
 
Fig. 5.6 Log-periodic toothed planar antenna 
In general, 
180γ β+ = °  and  2β δ α+ =       (5.5) 
The self-complementary condition is not required in the log-periodic toothed planar 
antenna, but it is frequently used.  The teeth sizes of the log-periodic toothed planar 
antenna can be adjusted such that the structure is self-complementary as shown in Fig. 
5.6.  In this case,  







Solving for equations (5.5) and (5.6) gives 
135α = °  and  45β = °       (5.7) 
for a self-complementary log-periodic toothed planar antenna.  As discussed in 
Chapter 2, an antenna that is self-complementary tends to be broadband.  The input 
impedance for a self-complementary antenna can be calculated using equation (2.5) 
and is 188.5Ω.  
If the widths of teeth and gaps are equalized, 1/ /n n n na R R aσ += = .  Using 
equation (5.1) and solving for σ  gives 
σ τ= .         (5.8) 
This relationship and the self-complementary feature are used in this chapter. 
 
B.  Planar Antenna 
A log-periodic toothed planar antenna is designed on RT/Duroid substrate with the 
following parameters: 
Permittivity, εr = 2.20, 
Height, h = 62 mils,  
and loss tangent, tan δ = 0.009. 
The scale factor of the antenna is assumed to be 0.8τ = .  
 Making use of the relationship in equation (5.8), 0.8σ = . 
 The self-complementary condition in equation (5.7) is used. 
 The arc lengths of the teeth are assumed to be quarter-wavelength.  The lower 
frequency limit is designed to be 2.5 GHz and the upper frequency limit is designed to 
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be 11.5 GHz.  This frequency range covers the UWB bandwidth from 3.1 GHz to 
10.6 GHz.  The radii for the teeth of the antenna are presented in Table 5.1. 
n Rn (mm) rn (mm) 
1 28.8 25.8 
2 23.0 20.6 
3 18.4 16.5 
4 14.7 13.2 
5 11.8 10.5 
6 9.4 8.4 
7 7.5 6.8 
8 6.0 5.4 
9 4.8  
Table 5.1 Radii of the antenna teeth 
 The final model is depicted in Fig. 5.6 and is simulated using IE3D Release 10, 
using the Method of Moments.  The simulated S11-parameters are shown in Fig. 5.7. 
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Fig. 5.7 S11-parameter for the planar antenna 
 From Fig. 5.7, it can be seen that the impedance bandwidth of the antenna falls 
well within the design specification of 2.5 GHz to 11.5 GHz.  The input impedance of 
the antenna is 188.5Ω, as expected of a self-complementary antenna. 
 
C.  Muti-layer Antenna  
The log-periodic toothed planar antenna is able to achieve broadband 
characteristics with linear polarization.  However, the pattern bandwidth is broad and 
bidirectional, normal to the plane of the substrate on which the antenna is fabricated.  
For practical uses, the planar log-periodic toothed antenna has to be backed by an 
absorber on one side for a unidirectional radiation pattern.  In this way, half of the 
radiated power is absorbed rendering the antenna highly inefficient.  Therefore, ways 
of obtaining an antenna with a truly unidirectional radiation pattern were explored.  
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Unidirectional radiation pattern has been achieved by folding the successful planar 
structure into a wedge [45].  The maximum radiation pattern is off the tip (feed point) 
of the structure.  However, this structure is non-planar and not suitable for low profile 
uses. 
For future work, a multi-layer low profile antenna is proposed.  Besides having 
smaller dimensions compared to the planar antenna, it also improves directivity.  
Hence, it has better radiation efficiency compared to the planar log-periodic toothed 
antenna, where half the power is absorbed. 
The teeth of the log-periodic antenna on different layers are joined by via holes as 







Fig. 5.8 Multi-layer antenna: (a) top view; (b) isometric view 
 In this model, there is a total of thirteen layers.  The thickness of each layer is 
presented in Table 5.2 below.  The length of the teeth remains as quarter-wavelength.  
The substrate used is the same as that for the planar antenna.  The simulated 
S11-parameter is shown in Fig. 5.9. 
 
Layer 1 2 3 4 5 6 7 8 9 10 11 12 13
Thickness 
(mils) 
62 31 31 31 31 31 31 62 62 62 62 62 62




Fig. 5.9 Simulated S11-parameter of the multi-layer antenna 
As seen from Fig. 5.9, the impedance bandwidth is similar to that of the planar 
lop-periodic toothed antenna.  The characteristic impedance is observed to have 
decreased to 150Ω.  The width of the antenna has shrunk by about 25% to 21.4mm, 
but the total thickness becomes 15.7mm. 
 
D.  Discussions 
For future work, a multi-layer log-periodic toothed antenna is proposed.  The 
advantage is that it has a smaller width, but it is thicker than the planar log-periodic 
toothed antenna.   
There are a few interesting properties of this multi-layer log-periodic toothed 
antenna.  By making the log-periodic toothed antenna multi-layer, it has lost its 
self-complementary nature.  (This condition is not absolutely required for broadband 
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performance.)  The teeth on opposite sides of the multi-layer log-periodic toothed 
antenna have been brought closer to each other.  This has resulted in a lower 
characteristic impedance of the structure.  This is similar to the wedge-shaped 
structure formed by bending the planar log-periodic toothed antenna about a horizontal 
axis across the vertex.  The two halves of the original planar antenna enclose an angle 
ψ.  As the angle ψ decreases, the characteristic impedance decreases as well.  In the 
multi-layer log-periodic antenna, the angle enclosed by the teeth decreases as the 
thickness of each layer increases.  Consequently, the characteristic impedance of the 
structure decreases.  This enables the matching circuit of the antenna to 50-ohm or 
75-ohm coaxial cables to be less complex, and hence able to achieve broader 
bandwidth.  
Other parameters which exert control over the characteristic impedance of the 
antenna are α, β and τ.  The greater the angle α is, the lower the characteristic 
impedance of the antenna is.  The variation of these parameters is useful to obtain a 
good matching for the feed of the antenna. 
Conventionally, log-periodic antennas are not suitable candidates as UWB 
antennas.  They radiate different frequency components from different parts of the 
antenna.  In UWB communication systems, these antennas are likely to be dispersive 
and inappropriate for very short pulses of the UWB signals.  Consequently, the 
radiated waveform will be both extended and distorted.   
However, if the antenna were made small enough such that the rise time is six 
times larger than the longest time delay, as explained in Chapter 2, the antenna would 
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be suitable for the transmission of the UWB pulse.  By layering the conventional 
log-periodic antenna, the lateral dimensions of the original log-periodic antenna would 
shrink by about 25%.  For future work, such an antenna could be implemented and 




1. M. Ghavami, L. B. Michael, R. Kohno, “Ultra Wideband Signals and Systems 
in Communication Engineering”, John Wiley & Sons 2004 
2. Y. S. Lin, C. C. Liu, K. M. Li, C. H. Chen, “Design of an LTCC tri-band 
transceiver module for GPRS mobile applications”, IEEE Transactions 
Microwave Theory and Techniques, vol. 52 no. 12 pp. 2718 – 2724, Dec. 2004 
3. G. Wang, M. Van, F. Barlow, A. Elshabini, “An Interdigital Bandpass Filter 
Embedded in LTCC for 5-GHz Wireless LAN Applications”, Microwave and 
Wireless Components Letters, vol. 15 no. 5 pp. 357-359, May 2005 
4. R. L. Li, G. DeJean, M. Maeng; K. Lim, S. Pinel, M. M. Tentzeris, J. Laskar, 
“Design of compact stacked-patch antennas in LTCC multilayer packaging 
modules for wireless applications, IEEE Transactions Advanced Packaging, 
vol. 27 no. 4 pp. 581 – 589, Nov. 2004 
5. Y. Huang, K. L. Wu, D. G. Fang, M. Ehlert, “An integrated LTCC 
millimeter-wave planar array antenna with low-loss feeding network”, IEEE 
Transactions Antennas and Propagation, vol. 53 no. 3 pp. 1232 – 1234, March 
2005 
6. J. Y. Tham, B. L. Ooi, M. S. Leong, “Novel Design of Broadband Volcano 
Smoke Antenna”, IEEE AP-S Int Symp and USNC/URSI National Radio 
Science Meeting 2005 
7. J. Y. Tham, B.L. Ooi, M. S. Leong, “A simple and quick synthesis method for 
 115
the volcano-smoke slot antenna”, submitted to Microwave and Optical 
Technology Letters, under review 
8. J. Y. Tham, B. L. Ooi, M. S. Leong, “Diamond-shaped broadband slot 
antenna”, IEEE International Workshop on Antenna Technology 2005 
9. J. Y. Tham, B. L. Ooi, M. S. Leong, K. M. Chua, Lu Albert, “A Mixed 
Dielectric LTCC Broadband Coplanar P-shaped Antenna”, submitted to IEEE 
Transaction Vehicular Technology, under review 
10. W. L. Stutzman, G. A. Thiele, “Antenna theory and design”, 2nd Ed., John 
Wiley & Sons Inc 1998 
11. C. A. Balanis, “Antenna theory analysis and design”, 2nd Ed., John Wiley & 
Sons Inc 1997 
12. W. L. Weeks, “Antenna Engineering”, McGraw-Hill Book Company 1968 
13. R. C. Johnson, “Antenna Engineering Handbook”, McGraw-Hill Book 
Company 1993 
14. V. H. Rumsey, “Frequency Independent Antennas”, IRE National Convention 
Record 1957, pp. 114-118 
15. J. D. Dyson, “The Equiangular Spiral Antenna”, IRE Trans. Antennas 
Propagat., Vol. AP-7, pp. 181-187, April 1959 
16. Y. Mushiake, “Self-Complementary Antennas”, IEEE Antennas and 
Propagation Magazine, vol. 34 no. 6 Dec 1992 
17. I. I. Immoreev, A. N. Sinyavin, “Features of Ultra-Wideband Signals’ 
Radiation”, IEEE Conference on Ultra Wideband Systems and Technologies, 
 116
May 2002 
18. F. Sabath, “Near Field Dispersion of Impulse Radiation”, URSI General 
Assembly Aug 2002 
19. J. A. N. Noronha, T. Bielawa, C. R. Anderson, D. G.. Sweeney, S. Licul, W. A. 
Davis, “Designing antennas for UWB systems”, Microwaves and RF, June 
2003 
20. G. R. Aiello, G. D. Rogerson, “Ultra-wideband wireless systems”, Microwave 
Magazine, IEEE, vol. 4 no. 2 pp. 36 – 47, June 2003 
21. S. Y. Suh, W. L. Stutzman, W. A. Davis, “A new ultrawideband printed 
monopole antenna: the planar inverted cone antenna (PICA)”, IEEE 
Transaction Antennas and Propagation, vol 52 no. 5 pp. 1361-1364, 2004 
22. J. Liang, C. C. Chiau, X. Chen, C. G. Parini, “Printed circular disc monopole 
antenna for ultra-wideband applications”, Electronics Letters, vol. 40 no. 20 
30th Sep 2004 
23. J. W. Lee, C. S. Cho, J. Kim, “A New Vertical Half Disc-Loaded 
Ultra-Wideband Monopole Antenna (VHDMA) With a Horizontally 
Top-Loaded Small Disc”, IEEE Antennas and Propagation Letters, vol. 4 2005 
24. H. G. Schantz and L. Fullerton, “The diamond dipole: A Gaussian impulse 
antenna”, Proc. IEEE Antennas and Propagation Soc. Int. Symp., vol. 4, 
Boston, MA, Aug 2001, pp. 100-103 
25. K. Kiminami, A. Hirata, T. Shiozawa, “Double-sided printed bow-tie antenna 
for UWB communications”, Antennas and Wireless Propagation Letters, vol. 
 117
3 no. 1 pp.152 – 153, 2004 
26. H. G. Schantz, M. Barnes, “The COTAB UWB magnetic slot antenna”, Proc 
IEEE AP-S Int Symp 2001, Boston, MA pp. 104-107 
27. J. Yeo, Y. Lee, R. Mittra, “Design of a wideband planar volcano-smoke slot 
antenna (PVSA) for wireless applications”, Proc IEEE AP-S Int Symp 2003, 
Columbus, OH pp. 665-658 
28. C. Ying, G. Y. Li, Y. P. Zhang, “An LTCC planar ultra-wideband antenna”, 
Microwave and Optical Technology Letters, vol. 42 no. 3 Aug 5 2004 
29. J. D. Kraus, Antennas, McGraw-Hill, New York, 1988 
30. G. D. Wayne, “A closed-form model for radial-line stub elements in microstrip 
circuits”, M.S. thesis, University of Colorado at Colorado Springs, 1987 
31. R. E. Collin, “Foundations for microwave engineering”, McGraw Hill 
International Editions, 2nd Edition  
32. K. C. Gupta, R. Garg, I. Bahl, P. Bhartia, “Microstrip Lines and Slotlines”, 2nd 
Ed., Artech House, 1996 
33. Y. Yoshimura, “A microstrip slot antenna”, IEEE Transaction Microwave 
Theory and Techniques, vol. 20 pp. 160-762, 1972 
34. D. M. Pozar, “Reciprocity method of analysis for printed slot and slot coupled 
microstrip antennas”, IEEE Transaction Antennas and Propagation, vol 34 pp. 
1439-1446, 1986 
35. G. Dubost, “Large bandwidth circular slot at resonance with directional 
radiation”, Electronics Letters, vol. 24 pp. 1449-1450, 1988 
 118
36. M. Cai, P. S. Kooi, M. S. Leong, “A compact slot loop antenna”, Microwave 
and Optical Technology Letters, vol. 6 no. 5 April 1993 
37. H. D. Chen, “Broadband CPW-fed square slot antennas with a widened tuning 
stub”, IEEE Trans. Antennas Propagat., vol. 51 no. 8, Aug 2003 
38. Y. W. Jang, “Experimental study of wideband printed annular slot antenna 
with cross-shaped feedline”, Electronics Letters, vol. 38 no. 22, Oct 2002 
39. E. A. Sollman, S. Brebels, E. Beyne, B. A. E. Vandenbosch, “CPW-fed cusp 
antenna”, Microwave and Optical Technology Letters, vol. 22 no. 4, Aug 1999 
40. E. A. Sollman, S. Brebels, P. Delmotte, B. A. E. Vandenbosch, E. Beyne, 
“Bow-tie slot antenna fed by CPW“, Electronics Letters, vol. 35 no. 7, Apr 
1999 
41. M. Miao, B. L. Ooi, P. S. Kooi, “Broadband CPW-fed wide slot antenna”, 
Microwave and Optical Technology Letters, vol. 25 no. 3, May 2000 
42. C. S. Hong, “Small annular slot antenna with capacitor loading”, Electronics 
Letters, vol. 36 no. 2, Jan 2000 
43. R. H. DuHamel, D. E. Isbell, “Broadband Logarithmically Periodic Antenna 
Structures”, IRE National Convention Record 1957, pt. 1,  pp. 119-128 
44. R. H. DuHamel, F. R. Ore, “Logarithmically Periodic Antenna Designs”, IRE 
National Convention Records 1958, pt. 1, pp. 139-152 
45. D. E. Isbell, “Non-Planar Logarithmically Periodic Antenna Structures”, 
University of Illinois, Antenna Laboratory TR #30, February 20, 1958, 
Contract AF 33(616)-3220 
 119
Appendix A 
Full derivation of the reflection 
coefficient as a function of distance 
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⎛ ⎞− ⎜ ⎟⎝ ⎠= ⎛ ⎞+⎜ ⎟⎝ ⎠
 
From the transmission line equations 
( ) ( ) ( ) ( ) ( )dV x j L x I x Z x I x
dx
ω= − = −  and ( ) ( ) ( ) ( ) ( )dI x j C x V x Y x V x
dx
ω= − = − , 




=  and  




− =  can be shown. 





( )2 ( ) ( ) ( )
( )
( ) ( )
( )
V xZ x Y x Z x
I x
a
V x Z x
I x








γ ⎛ ⎞−⎜ ⎟⎝ ⎠= ⎛ ⎞+⎜ ⎟⎝ ⎠
 
2 ( )lγ= Γ , 
where the substitutions 0
ZZ Y Y
Y












⎛ ⎞⎜ ⎟⎝ ⎠−Γ = ⎛ ⎞+⎜ ⎟⎝ ⎠
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Therefore, ( )2 0
0




= −Γ  
 
Substituting a and b,  
( )2 0
0
( )( ) 1 12 ( ) 1 ( )
2 ( )
dZ xd x x x
dx Z x dx
γΓ = Γ − −Γ  
Under the lossless assumption, the propagation constant becomes 




( )( ) 1 12 ( ) 1 ( )
2 ( )
dZ xd x j x x
dx Z x dx
βΓ = Γ − −Γ  
( ) ( )02 ln ( )12 ( ) 1 ( )2 d Z xj x x dxβ= Γ − −Γ  
This is a Riccatti Equation, which is a first order nonlinear differential equation.  It 
does not have a known general equation.  The following simplification can be made: 
 
Let 
( )( ) j xx e θΓ =  
( )2 ( ) 0( ) ( ) ln ( )1'( ) 2 0
2
j x
j x j x d Z xee j x j e
dx
θ
θ θθ β −− + =  
( ) ( )'( ) 2j x j xe j x j eθ θθ β− + ( ) ( )( ) ( ) ( ) 0ln ( ) 0
2
j x j x j xj e e e d Z x
j dx
θ θ θ− − =  
( )0ln ( )'( ) 2 sin ( ) 0d Z xx x
dx
θ β θ− − =   
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Appendix B 
Matlab scripts for solving input 
impedance of planar volcano-smoke slot 
antenna 
 
B.1  Main 
 
function [Z_in]=volcanoZ_in[x1, y1, x2, y2] 
% This function calculates the input impedance of the PVSA 
% using the forward euler method 
 
% x1 = set of points on the x-coordinates for inner edge of slot 
% y1 = set of points on the y-coordinates for inner edge of slot 
% x2 = set of points on the x-coordinates for outer edge of slot 
% y2 = set of points on the y-coordinates for outer edge of slot 
 




% y2 = 1/4*[12,31.5,40,45.5,48]; 







mu0 = 4*pi*1e-7; 
eps0 = 8.854e-12; 
 
%user input 
epsr = 2.2; 
h = 1.5748; 
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dx=0.1; %step 
N=15; %initial point 
x=[N:-dx:0]; 
 
freq = [2e9:0.01e9:12e9]; %GHz 
c = 1/sqrt(mu0*eps0); %in mm/second 








theta(1,:)=0; %boundary condition: when x=0, theta=0 at all frequencies 
 
%forward Euler 
for i=2:numstep     
    theta(i,:) = theta(i-1,:) + dx*(2*beta + 
sin(theta(i-1,:))*d_lnZ0(i-1)); 
    Z_in(i,:) = -Z_0(i)*cot(theta(i,:)/2); 
end 
 

















B.2  Characteristic Impedance of CPW 
 
function [Z_0,d_Z0,d_lnZ0]=volcano_Z(x1,y1,x2,y2,epsr,h,x)  
% computes characteristic impedance (Z_0) of PVSA wrt position 









    [Z,d_Z]=diff_Z(p1,p2,x(i),epsr,h); 
    Z_0(i)=Z; 















title(' Gradient of Z_0 against x') 
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B.3  Finding the curve of slot 
 
function [p1,p2]=polyfit_antenna(x1,y1,x2,y2) 
% polyfitting the slot of PVSA 
  
p1 = polyfit(x1,y1,4); 





a = polyval(p1,x); 
d_a = (4*p1(1)*(x).^3 + 3*p1(2)*(x).^2 + 2*p1(3)*(x) + p1(4)); 
 
b = polyval(p2,x); 











B.4  Differentiation of Z0 
 
function [Z,d_Z,epsre]=diff_Z(p1,p2,x,epsr,h) 
% differentiating the characteristic impedance of CPW 
 
a = polyval(p1,x); 
d_a = 4*p1(1)*x^3 + 3*p1(2)*x^2 + 2*p1(3)*x + p1(4); 
b = polyval(p2,x); 
d_b = 4*p2(1)*x^3 + 3*p2(2)*x^2 + 2*p2(3)*x + p2(4); 
 
c = 17.5; 
 
k3 = a/b * sqrt((1-(b/c)^2)/(1-(a/c)^2)); 
k4 = sinh(pi*a/(2*h))/sinh(pi*b/(2*h)) *... 
    sqrt((1-sinh(pi*b/(2*h))^2/sinh(pi*c/(2*h))^2)/... 
    (1-sinh(pi*a/(2*h))^2/sinh(pi*c/(2*h))^2)); 
 
d_k4 = pi*csch(pi*b/(2*h))*sinh(pi*c/(2*h))^2/... 
(h * (cosh(pi*c/h)-cosh(pi*a/h))^2 *… 
sqrt((cosh(pi*c/h)-cosh(pi*b/h))/(cosh(pi*c/h)-cosh(pi*a/h)))) *… 
(cosh(pi*a/(2*h))*(cosh(pi*c/h)-cosh(pi*b/h))*d_a + … 
(cosh(pi*a/h)-cosh(pi*c/h))*coth(pi*b/(2*h))*sinh(pi*a/(2*h))*d_b)
; 
d_k3 = c^2/((c^2-a^2)^2 * b^2 * sqrt((c^2-b^2)/(c^2-a^2))) *... 
    (b*(c^2-b^2)*d_a + a*(a^2-c^2)*d_b); 
 
m3 = k3^2; 
m4 = k4^2; 
 
d_m3 = 2 * k3 * d_k3; 
d_m4 = 2 * k4 * d_k4; 
 
[K3,E3] = ellipke(m3); 
[K4,E4] = ellipke(m4); 
[K3_prime,E3_prime] = ellipke(1-m3); 
[K4_prime,E4_prime] = ellipke(1-m4); 
 
R3 = K3_prime/K3; 
R4 = K4/K4_prime; 
 
d_R3 = (K3_prime*(E3-K3) + E3_prime*K3)*d_m3 / (2 * K3^2 * (m3-1) * m3); 




epsre = 1 + (epsr-1)/2 * R4 * R3; 
d_epsre = (epsr-1)/2 * (R4*d_R3 + R3*d_R4); 
  
Z = 30*pi/sqrt(epsre) * R3; 
d_Z = 15*pi/(epsre)^(3/2) * (2*epsre*d_R3 - R3*d_epsre); 
 
d_lnZ = 1/Z * d_Z; 
